A ngiotensin II (AngII) plays a predominant role in the regulation of fluid and electrolyte balance and cardiovascular function 1, 2 . Whilst the peripheral actions of AngII are important in this regulation, there is also evidence indicating the involvement of central AngII actions. The central actions are mediated both by circulating AngII acting via the blood-brain barrier deficient circumventricular organs 3, 4 , and centrally generated AngII 5, 6 acting within the brain on cerebral regions known to influence the central regulation of fluid and electrolyte balance and cardiovascular function 7, 8 . The responses to centrally acting AngII include the regulation of body water balance, vasopressin release, blood pressure maintenance and sympathetic nervous system activity 9, 10 . It is widely assumed that circulating AngII causes hypertension through its well-known direct renal and arterial actions 11 , but activation of angiotensinergic sympatho-excitatory pathways in the brain are also involved in the development and progression of hypertension induced by circulating AngII 12 . There is accumulating evidence indicating that excessive central sympathetic nerve activity plays a pathogenic role in triggering and sustaining the essential hypertensive state 13 . The involvement of the sympatho-adrenomedullary system in the response to stress is well known 14 . While the response is essential for adaptation to stress, excess or sustained exposure to stress can contribute to the development of hypertension 15, 16 . Taken together with the involvement of the brain angiotensinergic system in response to stress 17, 18 , it is necessary to clarify the central regulatory mechanisms of the sympatho-adrenomedullary outflow regarding centrally acting AngII for elucidating the fundamental mechanisms for the ''establishment'' of hypertension.
Plasma catecholamines, i.e., noradrenaline (NA) and adrenaline (Ad), are elevated by activation of the sympatho-adrenomedullary system, and the concentrations can reflect global activity of the system. Plasma Ad is mainly secreted from Ad-containing cells in the adrenal medulla, while plasma NA reflects not only the release from sympathetic nerve terminals but also the secretion from NA-containing cells in the medulla 19, 20 . Previous reports of this laboratory have shown that the influence of acute bilateral adrenalectomy on centrally administered stress-related neuropeptides that induced elevation of plasma NA and Ad was different depending on the peptides. The procedure abolished elevation of plasma Ad, but not NA, induced by corticotropin-releasing factor (CRF), while both elevations induced by bombesin or vasopressin respectively were attenuated by adrenalectomy in rats 21, 22 . These findings suggest a possibility that sympathetic and adrenomedullary systems can be separately regulated by the central nervous system. In the present study, we examined the effects of AngII directly administered into the rat brain on both systems by measuring plasma NA and Ad, blood pressure and heart rate.
Results
Centrally administered AngII elevates plasma Ad but not NA. Treatment with vehicle [10 ml saline per animal, intracerebroventricularly (i.c.v.)] had no effect on the plasma levels of NA and Ad (Figure 1a and 1b) . AngII (1 and 3 nmol per animal, i.c.v.) dosedependently elevated plasma Ad, but AngII at a dose of 10 nmol per animal (i.c.v.) showed similar effects on plasma Ad compared with the effects of AngII at 3 nmol (Figure 1a and 1b) . The Ad responses peaked at 10 min after the administration of AngII and then declined towards their basal levels (Figure 1a) . On the other hand, AngII (1, 3 and 10 nmol per animal, i.c.v.) had no significant effects on plasma NA (Figure 1a and 1b) . The actual values for NA and Ad at 0 min were 413 6 21 and 253 6 14 pg ml 21 (n 5 23).
Ad elevated by AngII is derived from adrenal medulla. In previous preliminary studies, we measured the plasma concentration of corticosterone and cortisol 23 . Three hours after sham-operation or adrenalectomy plus hydrocortisone, corticosterone and cortisol were 358.0 6 21.6 and 23.3 6 4.1 ng ml 21 in sham-operated rats (n 5 3) and 28.1 6 3.1 and 484.0 6 151.5 ng ml 21 in adrenalectomized rats with hydrocortisone (5 mg kg 21 , i.m.) (n 5 3), respectively. In the present study, the basal plasma level of Ad was effectively reduced by acute bilateral adrenalectomy: the actual values for Ad at 0 min were 222 6 64 pg ml 21 in the sham-operated group (n 5 4), and 71 6 7 pg ml 21 in the adrenalectomized group (n 5 4). AngII (3 nmol per animal, i.c.v.) induced elevation of plasma Ad in the sham-operated group was abolished by the bilateral adrenalectomy (Figure 2a and 2b).
AngII induces Ad elevation through brain AT 1 receptors. Preliminary, we checked that central treatment with valsartan, an AT 1 receptor blocker, or PD123319, an AT 2 receptor blocker, only had no obvious effect on plasma levels of Ad (data not shown). Pretreatment with valsartan (100 nmol per animal, i.c.v.) almost abolished AngII-(3 nmol per animal, i.c.v.) induced elevation of plasma Ad (Figure 3a and 3b) . On the other hand, pretreatment with PD123319 (100 nmol per animal, i.c.v.) had no significant effect on the AngII-induced response (Figure 3c and 3d) . The actual values for Ad at 0 min were 303 6 22 pg ml 21 in the vehicle-1-[3 ml of 100% N,N-dimethylformamide (DMF) per animal, i.c.v.] pretreated group (n 5 5), 118 6 21 pg ml 21 in the valsartan-pretreated group (n 5 5), 184 6 52 pg ml 21 in the vehicle-2-(5 ml saline per animal, i.c.v.) pretreated group (n 5 4) and 148 6 28 pg ml 21 in the PD123319-pretreated group (n 5 6), respectively.
AngII evokes NA and Ad secretion from adrenal medulla cells. In comparison with the control group, the AngII-(3.3 or 10 mM) treated group showed significant increments of spontaneous secretion of NA and Ad from the cultured bovine adrenal chromaffin cells at 60, 90 and 120 min after administration (Figure 4a and 4b) . The degree of increments in Ad was larger than those in NA (Figure 4a and 4b). Centrally acting AngII induces Ad elevation. Preliminary, we checked that peripheral treatment with valsartan only had no obvious effect on plasma levels of Ad (data not shown). In rats pretreated with vehicle (300 ml of 1% DMF per saline per animal, i.v.), centrally administered AngII-(3 nmol per animal, i.c.v.) induced elevation of plasma Ad (Figure 5a and 5b) but not NA (data not shown). Pretreatment with valsartan (100 nmol per animal, i.v.) had no significant effect on the AngII-(3 nmol per animal, i.c.v.) induced elevation of plasma Ad (Figure 5a and 5b).
The actual values for Ad at 0 min were 174 6 39 pg ml 21 in the vehicle-pretreated group (n 5 5), and 271 6 39 pg ml 21 in the valsartan-pretreated group (n 5 4), respectively.
Centrally acting AngII induces pressor responses. In the vehicle-(300 ml saline containing 1% DMF per animal, i.v.) pretreated group, systolic, mean and diastolic blood pressure were significantly elevated 5 min after administration of AngII (3 nmol per animal, i.c.v.) compared with the valsartan-(100 nmol per animal, i.v.) pretreated group, but no significant blood pressure changes between the two groups were observed 0 min after the administration of AngII (Table 1) . On the other hand, heart rate in the vehicle-pretreated group was significantly lower than that in the valsartan-pretreated group 0 and 5 min after the administration of AngII (Table 1) .
Discussion
In this study, we demonstrated that i.c.v. administered AngII elevated plasma Ad, but not NA, secreted from the rat adrenal medulla. The AngII-induced Ad secretion was inhibited by central pretreatment with valsartan, an AT 1 receptor blocker, but not with PD123319, an AT 2 receptor blocker. AngII stimulated the spontaneous secretion of both Ad and NA from bovine adrenal chromaffin cells, but the centrally administered AngII-induced secretion of Ad was not influenced by peripheral pretreatment with valsartan. I.c.v. administered AngII elevated systolic, mean and diastolic blood pressure but not heart rate and the elevations were abolished by valsartan. Our data suggest that centrally administered AngII acting on brain AT 1 receptors induced Ad secretion from the rat adrenal medulla and pressor responses.
Studies in which AngII was administered directly into the cerebroventricles showed increases in blood pressure in many species 24, 25 . On the other hand, acute i.c.v. administered AngII shows a different pattern of peripheral sympathetic outflow. AngII transiently inhibits renal sympathetic nerve activity, but increases splanchnic and cardiac sympathetic nerve activities 26, 27 . These findings suggest that centrally acting AngII modulates sympathetic nerve activity in a regionally selective way. In the present study, i.c.v. administered AngII significantly elevated plasma Ad but not NA, indicating a possibility that selective activation and inhibition of sympathetic nerve activities induced by AngII counteracts significant changes in plasma NA levels. Previous reports of this laboratory showed that i.c.v. administered neuromedin U, a stress-related neuropeptide 28 , also elevated plasma Ad, but not NA 29 , and that i.c.v. administered CRF activated celiac and stellate ganglia but not superior cervical ganglia in the rat 30 . Taken together, central regulation of sympathetic outflow can occur in a region/organ-selective manner and sympathetic and adrenomedullary systems can be regulated separately by the central nervous system. Plasma Ad originates exclusively from the Ad-containing cells in the adrenal medulla, however, the contribution of the extramedullary chromaffin tissues cannot be excluded. Therefore, we examined the effect of acute bilateral adrenalectomy supplemented with hydrocortisone on the i.c.v. administered AngII-induced elevation of plasma Ad. Cortisol (hydrocortisone) supplementation in adrenalectomized rats resulted in similar concentrations compared to corticosterone in sham-operated rats. Since cortisol and corticosterone have similar efficacy to corticosteroid, this supplementation can counteract the deficiency of corticosterone in adrenalectomized rats. In the present study, adrenalectomy abolished the AngII-induced elevation of plasma Ad, suggesting that centrally administered AngII activates the secretion of Ad from the rat adrenal medulla.
Typical receptors for AngII are divided into AT 1 and AT 2 subtypes, which are also distributed within the brain 7, 31 . In rodents, two AT 1 isoforms, AT 1a and AT 1b , have been identified and an overlapping localization of the isoforms is observed in the brain 32 ; however, the ligand specificities and signal-effector coupling are virtually identical 33, 34 . Therefore, it seems to be difficult to distinguish the two isoforms using pharmacological approaches. There is a growing consensus that the balance between AT 1 and AT 2 receptor signalling can determine the biological response induced by AngII. Brain AT 1 receptors have been implicated in the regulation of blood pressure 35 , while brain AT 2 receptors seem to modulate the inhibition of the sympathetic nervous system 36 . Actually, increasing central AT 2 receptor expression attenuated the development of renovascular hypertension in the rat 37 . In the present study, we characterized which subtype (AT 1 or AT 2 ) in the brain is involved in the i.c.v. administered AngII-induced elevation of plasma Ad using valsartan or PD123319. Valsartan is a highly selective blocker for AT 1 recep- tors, exhibits K i values of 2.38 nM at AT 1 and 30,000-fold higher selectivity than AT 2 38 . PD123319 is a potent and selective blocker for AT 2 receptors, exhibits K i values of 210 nM at AT 2 in the rat brain 39 and 1,800-fold higher selectivity than AT 1 40 . In the present study, central pretreatment with valsartan strongly attenuated the AngIIinduced elevation of plasma Ad. On the other hand, PD123319 had no effect on the AngII-induced response. These results suggest that brain AT 1 receptors are involved in the centrally administered AngII-induced secretion of Ad from the rat adrenal medulla.
Subsequently, we examined a possibility that AngII administered into the cerebroventricles can leak into the systemic circulation, thereby acting on the adrenal medulla directly. In the present experiment, i.c.v. administered AngII (1 and 3 nmol per animal) dosedependently elevated plasma Ad in the rat. Considering the volume of the cerebrospinal fluid in the rat (about 300 ml 41 ), the amount of AngII given i.c.v. in our study would result in a cerebrospinal fluid concentration of 3.3 and 10 mM, respectively. In an in vitro assay, treatment with AngII at these doses significantly induced spontaneous secretion of both NA and Ad from the bovine adrenal chromaffin cells, and the degree of Ad increments was larger than that of NA ones. These results suggest that AngII has the ability to induce secretion of both catecholamines, especially Ad, from the adrenal medulla directly. On the other hand, peripheral pretreatment with valsartan, which hardly crosses the blood brain barrier, had no effect on the i.c.v. administered AngII-induced elevation of plasma Ad in the rat. Taken together, centrally administered AngII induces Ad secretion from the rat adrenal medulla through the brain, but not peripheral, AT 1 receptors, whereas i.c.v. administered AngII rapidly elevated blood pressure, in accordance with previous reports 24, 25 . Moreover, the pressor responses were abolished by peripheral pretreatment with valsartan, although the pretreatment had no effect on AngIIinduced Ad secretion. This discrepancy is probably explained by a vasorelaxant effect of peripherally administered valsartan, which can counteract the vasocontractive effect of Ad secreted by the centrally administered AngII. Actually, compared with the vehicle pretreated group, tachycardia was observed in the valsartan-pretreated group, indicating a possibility that the tachycardia may be a compensatory action after peripherally administered valsartan-induced vasorelaxation.
In the brain, AT 1 receptors are distributed in circumventricular organs and regions influencing the central regulation of cardiovascular function such as the nucleus tractus solitarius, the rostoral and caudal ventrolateral medulla and the hypothalamus 31, 42 . In the hypothalamus, the paraventricular nucleus (PVN) has been considered as a regulatory centre of the central sympatho-adrenomedullary outflow 43, 44 . Actually, microinjected AngII into the PVN increased mean blood pressure 45 and specific knockdown of AT 1a receptors in the PVN by infusion of interfering RNA against the receptors prevents hypertension induced by AngII treated peripherally 46, 47 . These findings suggest a possibility that the angiotensinergic system in the PVN is critical for AngII-induced elevation of blood pressure and also for the central sympatho-adrenomedullary outflow. However, the PVN is a heterogeneous structure containing different types of output neurons including projecting neurons to brain stem autonomic centres and to sympathetic preganglionic neurons located in the spinal cord 48, 49 . Oldfoeld et al. reported that the AT 1 receptors are not expressed in the PVN neurons directly projecting to sympathetic preganglionic neurons located in the T2 level 50 . However, further studies are required to examine the distribution of the receptors in the PVN neurons projecting brain stem autonomic centers and other spinal cords.
In conclusion, we demonstrated here that centrally administered AngII acting on brain AT 1 receptors induced Ad secretion from the rat adrenal medulla and pressor responses. These findings suggest a possibility that adrenomedullary outflow can be separately regulated by the central nervous system including brain angiotensinergic system, which can also modulate blood pressure.
Methods
Animals. All animal care and experiments were conducted in compliance with the guiding principles for the care and use of laboratory animals approved by Kochi University (No. G-5 and H-39) which are in accordance with the ''Guidelines for proper conduct of animal experiments'' from the Science Council of Japan. All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals. All efforts were made to minimize the suffering of the animals and the number of animals needed to obtain reliable results. A total of 60 animals were used in the experiments described here. Twelve-week-old male Wistar rats (Japan SLC Inc., Hamamatsu, Japan) weighing 300-350 g were housed at two per cage and were maintained in an air-conditioned room at 22-24uC under a constant day-night rhythm (14/10 h light-dark cycle, lights on at 05:00) for more than 2 weeks and given food (laboratory chow, CE-2; Clea Japan, Hamamatsu, Japan) and water ad libitum.
Experimental procedures for drug administration. In the morning (09:00-10:00), under urethane anaesthesia (1.0 g kg
21
, i.p.), the femoral vein was cannulated for saline infusion (1.2 ml h
) and intravenous administration of drugs, and the femoral artery was cannulated in order to collect blood samples. In some experiments, acute bilateral adrenalectomy [plus hydrocortisone (5 mg kg 21 per animal, i.m.)] or shamoperation (plus 200 ml saline per animal, i.m.) was done just before cannulation by an abdominal midline incision 22, 23 . Subsequently, every rat was placed in a stereotaxic apparatus (SR-6R; Narishige, Tokyo, Japan) until the end of each experiment, as described in a published work of this laboratory 51 . The skull was drilled for intracerebroventricular administration of drugs using a stainless-steel cannula (outer diameter of 0.3 mm). The stereotaxic coordinates of the tip of the cannula were as follows (in mm): AP 20.8, L 1.5, V 4.0 (AP, anterior from the bregma; L, lateral from the midline; V, below the surface of the brain), according to the rat brain atlas 52 . Three hours were allowed to elapse before the application of drugs.
Drug administration in vivo. AngII dissolved in sterile saline was slowly administered into the right lateral ventricle at 10 ml per animal using a cannula connected to a 50-ml Hamilton syringe at a rate of 10 ml min 21 , and the cannula was retained until the end of the experiment. Valsartan, an AT 1 receptor blocker, or PD123319, an AT 2 receptor blocker, dissolved in 3 ml of DMF or 5 ml of sterile saline, respectively, was i.c.v. administered using the cannula connected to a 10-ml Hamilton syringe at a rate of 10 ml min
, which was retained in the ventricle for 15 min to avoid the leakage of these blockers and then removed from the ventricle. Subsequently, AngII was slowly administered as described above 30 min after the application of the blockers. When valsartan was i.v. injected, the drug dissolved in 1% DMF in saline (300 ml) was slowly injected via a cannula inserted into the femoral vein 30 min before the administration of AngII. The exact location of the cannula injected in the brain was confirmed at the end of each experiment by verifying that Cresyl Violet, injected through the cannula, had spread throughout the entire ventricular system. Measurement of plasma NA and Ad. Blood samples (250 ml) were collected through an arterial catheter at 0, 5, 10, 30, 60, 90 and 120 min after the administration of AngII or vehicle corresponding to AngII. The samples were preserved on ice during experiments. Plasma was prepared immediately after the final sampling. NA and Ad in the plasma were extracted by the method of Anton and Sayre 53 with a slight modification and were assayed electrochemically with high performance liquid chromatography (HPLC) 51 . Briefly, after centrifugation (1500 3 g for 10 min, at 4uC), the plasma (100 ml) was transferred to a centrifuge tube containing 30 mg of activated alumina, 1 ml of 0.5 M Tris buffer (pH 8.6) containing 0.03 M of disodium EDTA and 1 ng of 3,4-dihydroxybenzylamine as an internal standard. The tube was shaken for 30 min and the alumina was washed three times with 1 ml of ice-cold water deionized in a MilliQ water purification system (Millipore, Billerica, MA, USA). Then, NA and Ad adsorbed onto the alumina were eluted with 200 ml of 4% acetic acid containing 0.1 mM of disodium EDTA. A pump (EP-300: Eicom, Kyoto, Japan), a sample injector (AS-2050; JASCO, Tokyo, Japan) and an electrochemical detector (ECD-300: Eicom) equipped with a graphite electrode were used with HPLC. Analytical conditions were as follows: detector, 1450 mV potential against an Ag/ AgCl reference electrode; column, Eicompack CA-50DS, 2.1 mm 3 150 mm (Eicom); mobile phase, 0.1 M NaH 2 PO 4 -Na 2 HPO 4 buffer (pH 6.0) containing 50 mg l -1 disodium EDTA, 0.75 g l 21 sodium 1-octanesulfonate and 15% methanol at a flow rate of 0.5 ml min 21 ; injection volume, 100 ml. The amount of NA and Ad in each sample was calculated using the peak height ratio relative to that of 3,4-dihydroxybenzylamine. By this assay, coefficients of variation for the intra-and interassay were 3.0 and 3.7%, respectively, and 0.5 pg of NA and Ad was accurately determined.
Primary culture of bovine adrenal chromaffin cells. Isolated bovine adrenal chromaffin cells were cultured (8 3 l0
6 per dish, Falcon; 35 mm in diameter) under 5% CO 2 and 95% air in a CO 2 incubator in Eagle's minimum essential medium (Nissui Seiyaku, Tokyo, Japan) containing 10% calf serum, and 3 mM cytosine arabinoside (Sigma-Aldrich, St. Louis, MO, USA) to suppress the proliferation of non-chromaffin cells 54, 55 .
Measurement of secreted NA and Ad from the adrenal cells. Three days after plating, the bovine adrenal chromaffin cells were incubated with or without AngII (3.3 or 10 mM) for up to 120 min. Then, incubation medium was saved into a test tube for the NA and Ad assay by HPLC 54, 55 .
Monitoring of blood pressure and heart rate. In rats administered valsartan intravenously, after cannulation and placement in a stereotaxic apparatus as described above, the cannula inserted into the femoral artery was connected to a pressure transducer (DX-100; Nihon Koden, Tokyo, Japan) that was connected to a carrier amplifier (AP-601G; Nihon Koden) and to a heart rate counter (AT-601G; Nihon Koden). The signals provided by the transducer were monitored by a personal computer (Macintosh G3, Apple Computer, Cupertino, CA, USA) through a multiport controller (PowerLab/8sp, AD Instruments, Castle Hill, Australia). The monitoring was started after the placement, and was performed until 2 h after the administration of AngII described above. The pressure transducers were calibrated daily using a mercury manometer.
Treatment of data and statistics. All values are expressed as means 6 s.e.m. Statistical differences were determined using repeated-measure (treatment 3 time) or one-way analysis of variance, followed by post hoc analysis with the Bonferroni method. When only two means were compared, an unpaired Student's t-test was used. P values less than 0.05 indicate statistical significance. 
